Fusarium wilt, which is caused by *Fusarium oxysporum*, causes yield losses and poor quality of plants[@b1]. The visible symptoms of Fusarium wilt include leaf yellowing, wilting, vascular tissue damage, and ultimately plant death[@b2][@b3]. *Fusarium oxysporum* infects the host plant via the roots or stem, especially through root wounds, and invades the vascular system[@b4]. The chlamydospores can survive for many years in infested field soil and are difficult to eliminate[@b5].

The water relations of host plants that are infected with *Fusarium oxysporum* have been widely illustrated[@b6][@b7]. The major physiological processes of wilting in plants that are infected with *Fusarium oxysporum* include a disturbance in the water balance, which can be attributed to factors such as reducing root water uptake[@b8], increasing resistance to water flow through xylem elements[@b9][@b10], and increasing leaf non-stomatal water loss from damaged cells[@b11]. Pathogen infection affects the physiological processes of host plants in different aspects[@b7][@b10][@b12][@b13]. The water status and water loss pathways during *Fusarium oxysporum* infection are extremely important for illustrating the mechanism underlying plant wilt.

The mechanism of the pathological wilting of higher plants is generally attributed to vessel plugging and/or systemic toxicity[@b14]. The plugging theory indicates that the vessels of infected plants are plugged by fungal hyphae[@b15], thus limiting water transport in the xylem. Generally, pathogen-infected plants form vascular occlusions of callose[@b16], tylose[@b17], or gel[@b18] to inhibit the intrusion and spread of the pathogen[@b19]. Vascular blockage reduces the diameter of the conductive elements and increases resistance to water movement[@b9][@b10], ultimately resulting in leaf wilt due to water deficiency[@b20].

The systemic toxin theory considers that the toxins that are produced by pathogens disturb the metabolism of the infected plant, resulting in leaf wilt[@b21]. The toxins reduce the stem hydraulic conductance and leaf water potential[@b22], regulate stomatal opening[@b23], and induce membrane injury, leading to water leakage[@b24]. Fusaric acid (FA, 5-*n*-butyl-2-pyridine carboxylic acid), which is the main fungal toxin that is produced by *Fusarium oxysporum*, plays an important role in the infection of higher plants[@b7][@b25]. Fusaric acid, whose production depends on the virulence of *Fusarium oxysporum* isolates[@b26], can be isolated in diseased plant tissues that are inoculated with Fusarium pathogens[@b7][@b27]. Fusaric acid causes the early hyperpolarisation of the root membrane electrical potential, which acidifies the extracellular medium and increases membrane permeability[@b28][@b29], with a consequent reduction in root growth, leading to apoptosis, necrosis, and even death[@b28][@b30][@b31][@b32].

Previous studies have focused on identifying the physiological mechanism of plant wilt via the plugging and toxin theories; however, the pathological mechanism of Fusarium wilt is still unclear due to the complicated interactions between water loss and plant wilt. This study aimed to further characterise the mechanism by which *Fusarium oxysporum* f. sp. *Cucumerinum* (FOC, the causal agent of cucumber Fusarium wilt) affects the water relations and membrane damage of cucumber plants that are grown in a controlled environmental greenhouse, with the ultimate goal of providing direct evidence as to whether the ability of water absorption and transportation is associated with plant wilt.

Results
=======

Effects of FOC infection on photosynthesis and the water relations of cucumber plants
-------------------------------------------------------------------------------------

The plant biomass, leaf net photosynthetic rate, stomatal conductance and intercellular CO~2~ concentration of *Fusarium oxysporum* f. sp. *cucumerinum* (FOC)-infected cucumber plants were significantly lower than those of healthy plants ([Table 1](#t1){ref-type="table"}). Both leaf transpiration rate and plant water uptake were markedly reduced after FOC infection, by which the transpiration rate was reduced by 46%, and the water uptake was reduced by only 23%. To evaluate the effects of pathogen infection on plant water transport, shoot hydraulic conductance was determined. FOC infection significantly reduced the hydraulic conductance of cucumber plants to 3.07 × 10^−6^ kg s^−1^ MPa^−1^, approximately 1/7 of the healthy plants. Although the stomatal conductance was reduced in the infected plants, which resulted in a lower leaf transpiration rate (E), the ratio of the transpiration rate to stomatal conductance (E/g~s~) was markedly increased in infected plants. These data indicate that water was lost from a non-stomatal pathway in infected plants. The leaf water content of the infected plants was significantly lower than that of the healthy cucumber plants ([Table 1](#t1){ref-type="table"}).

The red ink absorption of healthy and FOC-infected cucumber plants is illustrated in [Fig. 1](#f1){ref-type="fig"}. Both the veins and the mesophyll cells of the infected leaves stained red, whereas only the veins of healthy leaves stained red. Compared to the healthy cucumber plants, the infected plants accumulated more red ink in the leaves.

Leaf membrane injury caused by FOC infection
--------------------------------------------

The leaf membrane injury of the infected plants was approximately 45% higher than that of the healthy plants ([Table 2](#t2){ref-type="table"}). The electrical conductance of the apoplastic sap in the infected plants (107.7 μS cm^−1^) was significantly higher than that of the healthy plants (52.3 μS cm^−1^), indicating severe membrane injury ([Table 2](#t2){ref-type="table"}). Similar results of electrical conductance were observed regarding the apoplastic soluble sugar content ([Table 2](#t2){ref-type="table"}), in which apoplastic soluble sugar content was greater in the infected plants (49.0 μg) compared to that of the control plants (18.4 μg).

The effect of FOC infection on the ultrastructure of the leaf mesophyll cell plasma membrane in cucumber seedlings was analysed by transmission electron microscopy (TEM). The plasma membrane of healthy plants was intact and smooth, with starch granules clearly appearing in the chloroplasts ([Fig. 2a](#f2){ref-type="fig"}). In contrast, the plasma membranes of the infected plants were ruptured, and more cell inclusions were present in the infected cells, suggesting cell membrane leakage ([Fig. 2b](#f2){ref-type="fig"}).

Non-stomatal water loss induced by leaf cell membrane injury
------------------------------------------------------------

There was a significant positive correlation (*P* \< 0.01) between the leaf membrane injury and E/g~s~, suggesting that the non-stomatal water loss in the leaves of the infected plants was induced by leaf cell membrane injury ([Fig. 3](#f3){ref-type="fig"}).

Response of leaf temperature to light intensity and FOC infection
-----------------------------------------------------------------

The leaf temperature of both the healthy and FOC-infected plants increased as the light intensity decreased ([Fig. 4](#f4){ref-type="fig"}). When the light intensity ranged from 10,000 Lux to 2000 Lux, the leaf temperature of the infected plants was significantly higher than that of the healthy plants (*P* \< 0.05). The leaf temperature response to the light intensity of the infected plants was less sensitive compared to that of the healthy plants, suggesting a decrease in the regulation ability of the stomata.

FA content in cucumber seedlings after FOC infection
----------------------------------------------------

In the FOC-infected plants, FA accumulated in both the leaves and the stem ([Table 3](#t3){ref-type="table"}). The FA content in the leaves of the infected plants was approximately 2-fold of that in the stem, whereas FA was not detectable in both the leaves and the stem of the healthy plants.

Effects of FA on cucumber seedlings
-----------------------------------

Both the veins and mesophyll cells of the FA (100 ppm)-treated plants stained deep red after red ink absorption ([Fig. 5b](#f5){ref-type="fig"}), while the red stain was difficult to observe in the control plants ([Fig. 5a](#f5){ref-type="fig"}). The amount of red stain (the absorbance at 515 nm) in 100-ppm-FA-treated leaves was approximately 9-fold of that in the control leaves ([Table 4](#t4){ref-type="table"}). The leaf conductivity was significantly higher in the FA-treated plants compared to that of the control, indicating leaf membrane injury ([Table 4](#t4){ref-type="table"}). Compared to those of the control plants, the leaf stomatal conductance and transpiration rate were markedly reduced in the FA-treated plants. The ratio of the E/g~s~ increased approximately 35% under FA treatment.

Discussion
==========

Stomatal water loss and water transport decreased in FOC-infected plants
------------------------------------------------------------------------

Pathogen infection can affect the photosynthesis and water physiology of higher plants[@b10][@b12][@b20][@b33]. Decreased net photosynthetic rate has been attributed to stomatal closure induced by pathogen infection and a disruption in the metabolic pathways of photosynthesis, such as a reduction in the mesophyll conductance and the Rubisco activity[@b13][@b34][@b35]. In tomato plants that were infected with the soil-borne pathogen *Fusarium oxysporum* f. sp. *lycopersici* race 1, the decreased photosynthetic capacity of the tomato leaves was accompanied by a reduction in both the carboxylation efficiency and the regeneration of RuBP[@b12]. In the present study, the photosynthetic rate of cucumber plants was markedly reduced after FOC infection ([Table 1](#t1){ref-type="table"}), and both the stomatal conductance and the intercellular CO~2~ concentration significantly decreased after FOC infection, which could suppress the photosynthetic rate of cucumber seedlings, leading to reduced biomass production.

The leaves of the infected cucumber plants exhibited a decrease in the stomatal conductance and transpiration rate ([Table 1](#t1){ref-type="table"}), resulting in a reduction in water loss. The same results were obtained in tomato plants that were infected with *Fusarium oxysporum*[@b34], potato plants that were infected with *Verticillium dahliae*[@b36], and cherry plants that were infected with *Blumeriella jaapii*[@b37]. The transpiration rate was negatively correlated with the leaf temperature[@b38][@b39], there was an increase in the leaf temperature of cucumber plants after FOC infection ([Fig. 4](#f4){ref-type="fig"}), and the leaf temperature difference between the healthy and infected plants was reduced as the light intensity decreased, indicating that the response of the stomata in the infected plant was less sensitive to the light intensity.

To prevent *Fusarium oxysporum* invasion through the xylem, infected plants form callose barriers and tylose-like structures[@b40][@b41]; these materials and the fungal mycelium in the xylem reduce the water movement and eventually result in dehydration[@b10]. A similar phenomenon was described by Street and Cooper[@b42], in which the xylem of *Verticillium*-infected tomato was plugged, and the water flow rate was significantly reduced before visible wilt symptoms were observed in the leaves. The hydraulic conductivity of infected pepper stems was reduced 80% compared to that of non-infected pepper plants[@b9]. Our study showed that the hydraulic conductance of the stem was significantly reduced in FOC-infected plants ([Table 1](#t1){ref-type="table"}), suggesting that the stem was blocked by the abovementioned materials (i.e., callose, tylose, and gels), reducing the water transport of the cucumber plants.

Interestingly, in the red ink absorption experiment, the red staining was significantly greater in the infected plants than in the healthy plants ([Fig. 1](#f1){ref-type="fig"}), indicating that although the water uptake and transport were reduced after FOC infection ([Table 1](#t1){ref-type="table"}), water and red ink (large particle) were transported to the leaves of the infected plants. The great red ink accumulation in the infected plants was attributed to (i) the leaf cell membrane being seriously injured in infected plants, resulting in a greater amount of red ink accumulation ([Table 2](#t2){ref-type="table"}) and (ii) the roots being damaged in infected plants by FOC infection[@b43][@b44]. Thus, the ability of root selective absorption was reduced, and the red ink particle was easily taken up by the roots and transported to the leaves. The transpiration rate was reduced by 46%, while the water uptake was reduced by only 23% after FOC infection ([Table 1](#t1){ref-type="table"}), indicating that the water balance of the cucumber plant was disturbed by FOC infection. Based on the red ink assays, we can speculate that the leaf membranes of the infected plants were injured, inducing uncontrolled water loss from damaged cells.

FOC infection induced uncontrolled water loss from damaged cells
----------------------------------------------------------------

Injuries of the leaf cell membranes caused by air-borne pathogenic infections have been described in previous studies[@b39][@b45][@b46][@b47]. The pathogenesis of *Pseudoperonospora cubensis* causing downy mildew of cucumber induced membrane injury at the infection site of leaves[@b39]. In our study, the ultrastructure of the mesophyll cells showed that the plasma membrane of the infected plants was damaged and degraded ([Fig. 2](#f2){ref-type="fig"}). Meanwhile, the leaf electrolyte leakage, electrical conductance and soluble sugar content of the leaf apoplastic sap of the infected plants increased, demonstrating that the leaf plasma membrane was injured ([Table 2](#t2){ref-type="table"}). Similar results were illustrated in pea powdery mildew, which showed an increase in the glucose, sucrose, and fructose contents of apoplastic sap in infected plants[@b48]; these phenomenon are caused by cell membrane injury, which allows soluble sugars to penetrate into the apoplastic space.

The membrane injury of infected plant leaves may result in uncontrolled water loss from damaged cells, and the leaf water balance could be affected[@b11]. In cucumber plants that are infected with *Pseudoperonospora cubensis*, which is the causal agent of downy mildew, the appearance of chlorosis is associated with an initial temperature decrease due to the abnormal opening of the stomata or the loss of cell membrane integrity[@b38][@b39]. In our previous studies, we monitored water loss in the dark and found that the leaf water loss of wilted plants in the dark was significantly higher than that of healthy plants[@b11]. In the present study, the infected plant leaves exhibited an increase in the ratio of E/g~s~ under light ([Table 1](#t1){ref-type="table"}), indicating that an increased percentage of water was evaporated outside of the stomata[@b7][@b11], and we further found that there was a positive correlation between the leaf membrane injury and E/g~s~ ([Fig. 3](#f3){ref-type="fig"}), demonstrating that the uncontrolled water loss from a leaf was induced by leaf cell membrane injury after FOC infection. Because no pathogen was detected in the infected plant leaves even at 8 days post inoculation (unpublished data), we speculated that a metabolite from FOC that was produced by the interaction between FOC and cucumber plants was a potential candidate for leaf membrane injury.

FA played a critical role in accelerating the development of Fusarium wilt in cucumber plants
---------------------------------------------------------------------------------------------

Several studies have described the damage to plants caused by toxins that are produced by pathogens[@b49][@b50]. Botta *et al.*[@b51] reported that potato leaves that were treated with a filtrate of *Fusarium eumartii* increased electrolyte leakage, as the absence of the pathogen in infected leaflets suggested that a phytotoxin was the cause of the leakage. As far as has been documented, FA is the main toxin that is produced by *Fusarium oxysporum* and has a direct effect on membranes[@b28][@b52]. We detected FA in the infected plants after FOC infection ([Table 3](#t3){ref-type="table"}) and found that the FA content in the leaves of the infected plants was higher than that in the stem, possibly because FA was transported to the leaves by the xylem transpiration stream and accumulated in the leaves[@b53].

The toxic effects of FA on cucumber seedlings were investigated in a hydroponic experiment. The results indicate that the leaves of FA treated plants accumulated more red ink and had a higher relative electronic conductance ([Fig. 5](#f5){ref-type="fig"}, [Table 4](#t4){ref-type="table"}), in agreement with our previous study with transmission electron microscopy (TEM), in which the leaf mesophyll cell membrane was seriously injured after treatment with FA[@b54]. The ratio of the transpiration rate to the stomatal conductance (E/g~s~) was increased in the FA-treated plants, indicating that water had evaporated from damaged cells, which is caused by FA movement from the infection site to the leaf.

In conclusion, FOC infection reduced the stomatal conductance and transpiration rate of cucumber plants, but the ratio of the transpiration rate to stomatal conductance (E/g~s~) increased, indicating that non-stomatal water loss occurred after infection. The leaf cell membrane injury was induced by FOC infection, which was caused by FA that was produced by the pathogen in host plants. We concluded that the leaf cell membrane was damaged in the soil-borne Fusarium wilt of cucumber plants, resulting in uncontrolled water loss from damaged cells, and this phenomenon was partly caused by FA.

Methods
=======

Plant material and growth conditions
------------------------------------

Cucumber seeds (cultivar 'Jingyan 4', which is susceptible to Fusarium wilt and was supplied by Vegetable Research Institute of Tianjin, China) were germinated in steam-sterile quartz sand, and the seedlings were transplanted to a mixture of sterile soil and vermiculite (1:6, v/v) when the first leaf emerged. The seedlings were watered daily with half-strength Hoagland\'s solution. The plants were grown in a greenhouse at 30/25°C (day/night) with a relative humidity (RH) of 70 ± 10% and a photoperiod of 14 h day^−1^ (\>300 μmol m^−2^ s^−1^).

Pathogen incubation and infection
---------------------------------

*Fusarium oxysporum* f. sp. *cucumerinum* (FOC) was isolated from infected cucumber plants that were provided by the Laboratory of Plant-Microbe Interactions, Nanjing Agricultural University, China. The FOC isolates were first incubated on potato dextrose agar (PDA) medium in Petri dishes in the dark at 25°C for 7 days. Then, the dishes were drenched with 20 ml of sterile distilled water, and the spores were carefully freed from the culture surface with a fine artist\'s brush. A conidial suspension was obtained by filtering through three layers of sterile cheesecloth to eliminate mycelial fragments. For inoculation, the roots of four-week-old plants were immersed in FOC conidial suspension (10^6^ conidia ml^−1^) for 2 h. The roots of the control plants were immersed in sterilised water. After inoculation, the plants were grown in sterile soil as described above. The number of FOC in infected plants was approximately 10^7^ to 10^9^ copies g^−1^ FW in the stem and roots at 8 days post inoculation (unpublished data), indicating that the inoculated cucumber plants were actually infected. Furthermore, disease symptoms, such as leaf yellowing and wilting, were also observed in the inoculated plants.

Gas exchange measurements
-------------------------

To determine if pathogen infection could affect the photosynthesis of cucumber plants, gas exchange measurements were collected from fully expanded leaves using a Li-Cor 6400 portable photosynthesis open system. The leaf temperature during the measurements was maintained at 25°C, with a photosynthetic photon flux density (PPFD) of 1000 μmol photons m^−2^ s^−1^ and a relative humidity of 45%. The data were recorded after equilibration to a steady state (approximately 15 min).

Water uptake measurement
------------------------

Water uptake was determined by weighing the pots. The surfaces of the pots were sealed with plastic film to inhibit evaporation. After 8 days post inoculation, the pots and plants were weighed once every 24 h, and the weight loss indicated water uptake.

Shoot hydraulic conductance
---------------------------

The shoot hydraulic conductance was measured using a high-pressure flow meter (HPFM, Dynamax Inc., Houston, TX, USA) as described by Tyree *et al.*[@b55]. The transient measurement mode, which records water flow entering the root or shoot systems as a series of applied pressures, was used on the excised shoots. The stem was cut 30 to 50 mm above the soil surface underwater to prevent embolism formation, immediately connected to the HPFM and perfused with water at a constant pressure of 0.3 MPa for approximately 15 min until the flow rate stabilised. The pressure was then released and continually increased from 0.1 to 0.3 MPa at a rate of 4 to 5 kPa s^−1^, with flow and pressure being recorded every 2 s. The slope of the flow versus the applied pressure indicated the hydraulic conductance of the root or shoot.

Leaf water content
------------------

To investigate the leaf water status of the cucumber plants, the leaf water content of the healthy and FOC infected plants was measured at 8 days post inoculation. The leaf water content was determined by drying at 105°C for 30 min and then at 70°C until constant weight. After cooling to room temperature, the samples were reweighed, and the leaf water content (*WC*) was calculated as follows: where *FW* is the fresh weight, and *DW* is the dry weight.

Red ink absorption of plant
---------------------------

The cucumber seedlings were gently removed from the soil, and the soil particles that adhered to the roots were shaken off. The roots were then washed with distilled water and immersed in dilute red ink for 12 h. The leaves were examined under an Olympus MVX10 light microscope that was equipped with an Olympus DP71 microscope digital camera system.

The quantitative measurement of red ink absorption was described by Dong et al.[@b7] and Wang et al.[@b54]. The absorption spectrum of red ink solution was measured in the wavelength range 400--800 nm using an ultraviolet-visible (UV-Vis) spectrophotometer (SHIMADZU, UV-1601 PC, Japan). The absorptive peak of red ink solution occurs at 515 nm (data not shown). After red ink absorption, the healthy and FOC infected cucumber leaves were washed with distilled water and cut into small pieces (5 mm × 5 mm). Twenty leaf pieces were added to a test tube containing 20 ml of distilled water and boiled in a water bath for 30 min. After cooling to room temperature, the samples were filtrated, and the clear filtrates were read at 515 nm with a spectrophotometer (T6, Beijing Purkinje General Instrument Co., Ltd., Beijing, China).

Membrane injury
---------------

Twenty leaf discs (10 mm in diameter) without midrib were cut from fully expanded leaves and washed with distilled water to remove any electrolytes adhering to the leaves or in the cut ends of the tissues. The segments were infiltrated with distilled water, and the vacuum was slowly released. The conductivity of the diffusate was directly measured using an electrical conductivity meter (DDS-11A, LEICI Instrument Co., Shanghai, China). Subsequently, the leaf tissues were killed by boiling in a 100°C water bath for 20 min. A second conductivity reading was collected after the sample cooled to room temperature. The membrane injury was expressed as the relative injury (%), which is the ratio between the first and second conductivity measurements.

Apoplastic sap extraction and analysis
--------------------------------------

The apoplastic sap of the cucumber leaves was extracted using the vacuum-infiltration technique as described by Speer and Kaiser[@b56]. Briefly, leaf discs that were 15 mm in diameter were cut using a stainless steel punch and washed with distilled water. Twenty discs were vacuum-infiltrated three or four times with distilled water for 30 s to ensure full infiltration. The infiltrated discs were blotted dry and packed vertically into a 20-ml plastic syringe barrel with holes at the bottom. The barrel was transferred to a centrifuge tube and centrifuged at 2,500 *g* for 15 min at 4°C. The apoplastic sap was collected, and the volume was brought to 3 ml for further measurement. Malate dehydrogenase (MDH; EC 1.1.1.37) was used as a cytosolic contamination marker for apoplastic sap. The MDH assay mix contained 0.1 mM NADH, 0.4 mM oxalacetate, and 46.5 mM Tris-HCl (pH 9.5). NADH oxidation was followed at 340 nm[@b57]. MDH activity was related to the total bulk leaf activity as described by López-Millán *et al.*[@b58]. The activity of malate dehydrogenase (MDH) in apoplastic sap was less than 1% of the total activity in the leaves and showed little damage to cells during centrifugation (Data not shown).

The electrical conductivity of the apoplastic sap was measured directly using a micro-electrical conductivity meter (DDS-11A, LEICI Instrument Co., Shanghai, China). The soluble sugar content of the apoplastic sap was measured using anthrone colourimetry[@b59]. The reaction consisted of mixing 2 ml of sap with 0.5 ml of anthrone reagent (dissolving 1 g of anthrone in 50 ml of ethyl acetate) and 5 ml of H~2~SO~4~ and then heating in a boiling water bath for 1 min. After cooling to room temperature, the samples were read at an absorbance of 630 nm using a spectrophotometer. A calibration curve with sucrose was used as a standard.

Transmission electron microscopy
--------------------------------

The leaves of healthy and infected plants were cut into pieces and fixed with 3% (v/v) glutaraldehyde in phosphate buffer (50 mM, pH 6.8) for 4 h at 4°C. The samples were then post-fixed with 1% (w/v) osmium tetroxide in the same buffer for 2 h at 4°C, after which they were dehydrated in a graded ethanol series, followed by propylene oxide, and embedded in Spurs epoxy resin. Ultrathin sections were cut with a diamond knife and collected on copper-supported grids for observation using an H-7650 transmission electron microscope (TEM; Hitachi) at 80 kV. The TEM analyses were repeated three times. Five leaf slides of each treatment were checked each time, and approximately five cells were observed in each slide. The ratio of the injured membranes in the infected plants was approximately 94%. Abnormal structures in the healthy plants that were most likely caused by operations were approximately 3%.

Leaf temperature measurements
-----------------------------

Leaf temperature was measured using a digital infrared thermograph. Infrared images were obtained using an infrared camera (SC 620, FLIR Systems, Inc., USA) with a spectral sensitivity ranging from 7.5 μm to 13 μm and a spatial resolution of 0.65 mrad. The SC 620 camera has a 640 × 480 pixel focal plane array uncooled microbolometer and a 24° × 18°-field of view lens with a minimum focus distance of approximately 0.3 m. The thermal resolution of the camera is 0.065°C at an ambient temperature of 30°C. Digital thermograms were analysed with the ThermaCAM Researcher Professional 2.9 software (FLIR Systems). To detect the leaf responses to light intensity, thermal images were recorded when the light intensity decreased from 10,000 Lux to 0 Lux.

FA extraction and analysis
--------------------------

FA was extracted as described by Smith[@b60]. A 20-g sample of cucumber seedlings was ground in a homogeniser with 100 ml of 1:1 methanol-1% KH~2~PO~4~ (pH 3.0). The ground samples were centrifuged for 20 min at 20,000 *g*, and the pH of the supernatant was adjusted to 3.0 with 2 M HCl. The acidified supernatant was extracted sequentially three times with methylene chloride. The methylene chloride extracts were pooled and evaporated to dryness under a vacuum at 40°C on a rotary evaporator. The residue was resuspended in 2 ml of methanol and analysed by high-performance liquid chromatography (HPLC).

The HPLC analysis was performed in an Agilent 1200 Series HPLC system (Agilent Technologies, USA) that was equipped with an Agilent of Zorbax Eclipse XDB-C18 column (4.6 × 250 mm, 5 μm) and set at 50°C. The samples (10 μl) were eluted with methanol/0.43% *o*-phosphoric (68%:32%) for 15 min. The retention time was approximately 5.8 min, with a mobile-phase flow rate of 1 ml min^−1^. FA was detected by monitoring the UV *A*~271~. The samples were quantified against a standard curve of synthetic FA (Sigma). The experiment was performed twice with similar results.

Assessment of FA on cucumber seedlings
--------------------------------------

To investigate the effects of FA on cucumber plants, the seedlings were directly transplanted to plastic cups (9.0-cm and 5.5-cm top and bottom diameters, respectively, and 12.5-cm height) containing 500 ml of aerated half-strength nutrient solution when the first leaf emerged. The composition of the nutrient solution was as follows: 2.5 mM (NH~4~)~2~SO~4~ or Ca(NO~3~)~2~, 2.5 mM K~2~SO~4~, 1.0 mM KH~2~PO~4~, 2.0 mM MgSO~4~, 35.8 μM Fe-EDTA, 57.8 μM H~3~BO~3~, 11.4 μM MnCl~2~, 0.96 μM ZnSO~4~, 0.4 μM CuSO~4~, and 0.48 μM H~2~MoO~4~. A nitrification inhibitor (DCD) was added to each nutrition solution to prevent the oxidation of the ammonium. After two weeks, the cucumber seedlings were treated with 0 and 100 ppm FA (from Sigma) that was diluted with nutrient solution according to our previous study[@b54]. The effects of FA on the leaf red ink absorption, membrane injury and gas exchange were investigated using the abovementioned methods.

Statistical analysis
--------------------

The experiments were repeated three times. One-way analysis of variance (ANOVA) was applied using SPSS 18.0 software to assess the differences in each parameter among the treatments. The mean and standard deviation were calculated from three independent experiments. The significant differences (*P* \< 0.05) between the treatments are indicated by different letters.
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![Microscopic observation of cucumber leaves that were stained with red ink.\
The red ink is mainly distributed in the veins of the healthy leaves (a) but is uniformly distributed in the veins and mesophyll cells of the FOC-infected cucumber leaves (b). The roots of the plant were immersed in red ink for 12 h. For analysis, the leaf directly above a fully expanded leaf was used. Scale bar = 5 mm.](srep07722-f1){#f1}

![Transmission electron micrographs of the mesophyll cells in the leaves of healthy and FOC-infected cucumber plants.\
(a) The plasma membrane of the healthy plants leaf was intact, and the starch granule was visible in the chloroplast. Scale bar = 1 μm. (b) The membrane in the FOC-infected plants was broken, and the starch granule was not observed in the chloroplast. Scale bar = 1 μm. S, starch granule; C, chloroplast. The arrows point to the plasma membrane.](srep07722-f2){#f2}

![Correlation between membrane injury and non-stomatal water loss (E/g~s~).\
(y = −0.5464x^2^ + 13.31x − 58.666, R^2^ = 0.925, *P* \< 0.01, n = 9).](srep07722-f3){#f3}

![Response of the leaf temperature to the light intensity in the healthy and FOC-infected cucumber plants.\
The light intensity changed from 10,000 Lux to 0 Lux. The leaf temperature was recorded by digital infrared thermography. ΔT represents the temperature difference between the leaf temperature and the environmental temperature.](srep07722-f4){#f4}

![Microscopic observation of FA-treated cucumber leaves that were stained with red ink.\
The roots of the cucumber were immersed in red ink solution after being exposed to 0 ppm (a) and 100 ppm FA (b) for 9 h. The red ink was distributed throughout the whole leaves of the plants that were treated with 100 ppm FA (b), while less red colour was observed in the leaves of the control plants (a). The roots of the plant were immersed in red ink for 10 h. For analysis, the leaf directly above the fully expanded leaf was used. Scale bar = 5 mm.](srep07722-f5){#f5}

###### Effects of FOC infection on the plant biomass, net photosynthetic rate (A), stomatal conductance (g~s~), intercellular CO~2~ concentration (C~i~), transpiration rate (E), water uptake, hydraulic conductance, ratio of transpiration rate to stomatal conductance (E/g~s~) and leaf water content of cucumber plants

  Parameters                                            Healthy        Infected
  ------------------------------------------------- --------------- ---------------
  Plant biomass (g DW plant^−1^)                     1.67 ± 0.35 a   0.89 ± 0.15 b
  A (μmol CO~2~ m^−2^ s^−1^)                         17.3 ± 1.9 a    11.8 ± 1.2 b
  g~s~ (mol H~2~O m^−2^ s^−1^)                       0.71 ± 0.09 a   0.22 ± 0.05 b
  C~i~ (μmol L^−1^)                                   351 ± 13 a      293 ± 24 b
  E (mmol H~2~O m^−2^ s^−1^)                         8.00 ± 0.48 a   4.08 ± 0.56 b
  Water uptake (g plant^−1^ day^−1^)                  115 ± 10 a       89 ± 7 b
  Hydraulic conductance (10^−6^ kg s^−1^ MPa^−1^)    20.9 ± 8.3 a    3.07 ± 0.7 b
  E/g~s~ (×10^−3^)                                   11.4 ± 0.9 b    18.6 ± 1.6 a
  Leaf water content (%)                             87.8 ± 0.8 a    80.8 ± 2.3 b

Note: The ratio of the transpiration rate to stomatal conductance (E/g~s~) was calculated to indicate the water loss outside of the stomata. The data are shown as the mean ± SD of five replicates. The significant differences (*P* \< 0.05) among the treatments are indicated by different letters.

###### Membrane injury, electrical conductance and soluble sugar content of the apoplastic sap in the leaves of healthy and FOC-infected plants

  Treatments    Membrane injury (%)   Electrical conductance of apoplastic sap (μS cm^−1^)   Soluble sugar content of apoplastic sap (μg)
  ------------ --------------------- ------------------------------------------------------ ----------------------------------------------
  Healthy          12.1 ± 1.1 b                           52.3 ± 3.7 b                                       18.4 ± 1.8 b
  Infected         21.9 ± 3.8 a                          107.7 ± 20.3 a                                      49.0 ± 6.3 a

Note: The membrane injury was calculated as the percentage of the total electrolyte content. The apoplastic sap was collected by centrifugation. The electrical conductance was measured directly using a micro-electrical conductivity meter. The soluble sugar content was measured by anthrone colourimetry. The data are shown as the mean ± SD of four replicates. The significant differences (*P* \< 0.05) among the treatments are indicated by different letters.

###### Effect of FOC infection on the leaves and stem FA contents of cucumber plants

  Treatments              FA in leaf                       FA in stem
  ------------ -------------------------------- --------------------------------
  Healthy       ND [a](#t3-fn2){ref-type="fn"}   ND [a](#t3-fn2){ref-type="fn"}
  Infected               4.78 ± 0.79                      2.56 ± 0.53

Note: The data are shown as the mean ± SD of four replicates. The significant differences (*P* \< 0.05) among the treatments are indicated by different letters.

^a^ND indicates not detected.

###### Effects of FA on the absorbance of red ink, membrane injury, transpiration rate (E), stomatal conductance (g~s~) and the ratio of transpiration rate to stomatal conductance (E/g~s~) of cucumber leaves

  Treatments    Absorbance of red ink   membrane injury (%)   E (mmol H~2~O m^−2^ s^−1^)   g~s~ (mol H~2~O m^−2^ s^−1^)   E/g~s~ (×10^−3^)
  ------------ ----------------------- --------------------- ---------------------------- ------------------------------ ------------------
  0 ppm            0.077 ± 0.007 b         9.46 ± 1.39 b            7.06 ± 0.65 a                0.302 ± 0.057 a           23.7 ± 2.46 b
  100 ppm          0.689 ± 0.082 a        25.59 ± 5.86 a            3.49 ± 0.17 b                0.110 ± 0.009 b           31.9 ± 1.26 a

Note: The roots of the cucumber plants were treated with 0 ppm and 100 ppm FA for 9 h. For red ink absorption, the roots were immersed in red ink solution for another 10 h. The data represent the mean ± SD of five replicates. The significant differences (*P* \< 0.05) among the treatments are indicated by different letters.
